The grain refinement caused by Sc addition may be related to the facts that (i) the Sc solute atoms can inhibit dynamic recovery of the grains, and (ii) Al 3 Sc dispersoids (as indicated by arrows in Supplementary Fig. S1 (b) ) formed during solution treatment have drag force on the migration of grain growth 1 . In comparison, no second phases were found in the as-processed UFG Al-Cu alloys. Supplementary Fig. S1 . Representative BSE images and misorientation angel statistical results of the UFG Al-Cu (a, c) and Al-Cu-Sc (b, d) alloys as-processed by ECAP to 12 passes, respectively. In (b), the highlighted dots indicated by arrows are Al 3 Sc dispersoids.
. Representative TEM and BSE images showing copious intergranular θ-Al 2 Cu precipitates in the UFG Al-Cu (a and b) while almost no in the Sc-added alloy (c and d) alloys, respectively. (a), (b) and (c) are naturally aged at room temperature for 10 days, while (d) is artificially aged at 398K for 20h. Structural analyses (HRTEM) for the θ-Al 2 Cu precipitates are shown in the insert of (a). In (c), the highlighted dots indicated by arrows are Al 3 Sc dispersoids. Supplementary Fig. S3 presents the well-known Al-rich corner of the Al-Cu eutectic diagram, in which the solvus lines for GP zones and other metastable precipitates are also shown. It is worth noting that the solvus lines are applicable to coarse grained Al-Cu alloys.
One has to increase the aging temperature up to 643 K in order to directly precipitate the equilibrium θ phases in the coarse grained Al-2.5 wt% Cu alloy. While in the UFG Al-2.5 wt% Cu alloy, present results show that the θ phases can be precipitated even at room temperature (indicated by blue dot). In the UFG Al-Cu-Sc alloy, θ′ phases are precipitated at 398 K, which is also much less than the critical temperature of about 473 K in coarse grained Al-2.5 wt% Cu alloy. Two conclusions can then drawn from Supplementary Fig. S3 : (i) the solvus lines for UFG heat-treatable Al alloys are distinctly different from those for their coarse grained counterparts and related diagram should be revised; (ii) there are more space to artificially control the precipitation behaviors by microalloying in the UFG heat-treatable Al alloys. Supplementary Fig. S3 . The Al-rich corner of Al-Cu eutectic phase diagram. Note that the solvus lines for different precipitates in traditional coarse-grained alloy and some experimental results from present UFG alloy are shown in the same diagram for comparison.
Sc microalloying effect on the mechanical properties

S1. Strengthening caused by intragranular precipitation
Experimental results have shown that the UFG Al-Cu alloy suffered from a ~25% decrease in yield strength after aging treatment, because of a great reduction in dislocation density. The UFG Al-Cu-Sc alloy, however, showed an increased yield strength. It was suggested that intragranular θ ′ precipitates introduced by Sc addition made contribution to strength and over compensated the loss. This will be qualified as follows.
The yield strength ( y σ ) of UFG Al-Cu and Al-Cu-Sc alloys before aging can be respectively expressed as 2 :
where 0 σ is the lattice friction stress of the Al matrix, HP σ the GB strengthening that obeys the Hall-Petch relationship of and volume fraction Intra f 5, 6 .
where v is Poisson's ratio(=0.33), 0 r and i r are outer and inner cut-off radii respectively for matrix dislocations 5 Aging is certain to cause a slight increase in grain size, a great reduction in dislocation number density, and a modest decrease in solute concentration. have minus values( Supplementary Table S2 ). Since the intragranular θ precipitates have a small value in Inter f , their strengthening contribution Inter p σ is strongly limited( Supplementary Table S2 ). Numerical calculations by using our experimental microstructure measurements and other relevant parameters ( Fig. 2(b) , Fig. 3(b) and Supplementary Table S1 ) yield predictions of Supplementary Table S3 ), clearly demonstrate the significant strengthening effect of intragranular θ ′ precipitates.
S2. Improved ductility owing to the intragranular precipitation
Our experimental results have manifested that Sc microalloying effect can promote the plasticity of UFG Al-Cu-Sc alloy by introducing intragranular nanoparticles to change the dislocation behavior. Although this contribution is not easy to fully quantify, dispersing nanosized particles in the grain interior is believed 2,3,7-9 to be an effective approach to improve the ductility of UFG alloys, since they will help nucleate and pin down (to store) dislocations.
We analyze briefly here the dislocation pinning by plate-like intragranular nanoparticles.
The rate of dislocations arrival at a nanoparticle, ⊥ n , can be expressed as .
(Supplementary Eq. S8)
As seen from the calculation in Supplementary Fig. S4 , the rate of stored dislocation density will be significant when the intragranular particles have a radius size of below about 40 nm in size and simultaneously volume fraction attaching ~1.6%. This can explain the dislocation storage and work hardening of UFG grains in the aged UFG Al-Cu-Sc alloy, where θ ′ precipitates with size of about 38 nm and volume fraction of about 1.66 Vol.% are dispersed in the grain interior.
Finally, it should be mentioned that the intergranular particles such as in the UFG Al-Cu alloys are apt to fracture or undergo interfacial decohesion under applied stress. This will cause GB cracking and hence decrease ductility. The Sc microalloying effect shown in present work changes the intergranular precipitation to intragranular precipitation and disperses the nanosized precipitates in the grain interior, which, reducing the possibility of GB cracking, may be also responsible for the ductilization. Supplementary Fig. S4. Modeling for enhanced 
Supplementary Table S3 Comparison between the predictions and the
Predictions(MPa) Experiments(MPa)
Al-Cu -84±8 -79±11
Al-Cu-Sc 49±10 40±9 Supplementary Table S4 Yield 
